Polymer nanocomposites of poly(vinyl chloride) (PVC)/poly(butylene adipate-co-terephthalate) (PBAT) and organically modified montmorillonites (OMMT), namely ODA-MMT and DDOA-MMT were prepared by melt intercalation using a Brabender internal mixer. Further studies on the effect of clay on PVC/PBAT composites have been verified to show that there is an essential correlation between mechanical and thermal properties. Tensile strength was improved compared to pure PVC/PBAT composites at 0.5 and 1 wt% of OMMT loadings. PVC/PBAT nanocomposites exhibited a single glass transition according to dynamic mechanical analysis results which supports the complete compatibilization between PVC and PBAT. An increase in thermal stability was also observed with the presence of OMMT.
Introduction
Poly(vinyl chloride) (PVC) is one of important thermoplastics in the plastics industry. However, the fluid plasticity and thermal stability of PVC are inferior to those of other commodity polymers such as polyethylene and polystyrene. 1 Improvements in these PVC properties by using additives such as plasticizers, heat stabilizers, lubricants, fillers and other monomers have been reported. 2 However, PVC was plasticized using dioctylphtalate (DOP) which is known to be unstable and classified as harmful. In this study, poly(butylene adipate-co-terephthalate) (PBAT) was used to replace DOP. PBAT is a polymeric plasticizer which is a biodegradable aliphatic-aromatic copolymer with no adverse effect on the environment. 3 Many researchers have been involved in working on PVC nanocomposites. [4] [5] [6] Polymer/clay nanocomposites, based on layered silicates, such as montmorillonite (MMT) have attracted considerable attention as they exhibit improved mechanical and thermal properties when compared to those of the pristine polymers. 7 MMT is a natural layered silicate and has been widely used as a reinforcement filler for many polymers. 7 As MMT is a hydrophilic material, its compatibility with many polymers is poor. Therefore, an ion exchange process is utilized to displace the inorganic cations with organic cations, thus improving the compatibility of MMT with the polymer matrix. 8 Most of the nanocomposites prepared involved organically modified clay. One of the methods of preparing nanocomposites is by melt blending. 7, 9, 10 The technique is favored as it is convenient to scale up for industrial uses. 9, 10 Depending on the extent of penetration of the polymer matrix into the silicate galleries, nanocomposites obtained are either intercalated or exfoliated types. 9, 10 In this report, the effects of OMMT loading on the mechanical and thermal properties of PVC/PBAT nanocomposites are reported and discussed.
Experimental Materials
PVC with a K value of 66, grade MH66 was purchased from Industrial Resin Ltd., Malaysia. PBAT with the trade name, Ecoflex FBX 7011 was purchased from BASF Plastic Technologies, USA. Sodium MMT (Na-MMT) with a cation exchange capacity of 119 meq/100 gm was obtained from Kunimine Ind. Co., Japan. Octadecylamine (ODA), dimethyl dioctadecyl ammonium bromide (DDOAB), and calcium/zinc (Ca/Zn) stearate as the heat stabilizer for PVC were supplied by Alfa Aesar (A Johnson Matthey Co.) USA.
Preparation of organically modified montmorillonite
The organically modified MMT (OMMT) was prepared from Na-MMT, ODA and DDOAB by ion exchange reaction. 11 A total of 80 gm of Na-MMT was dispersed into 4000 mL of deionized hot water (80 C) for 30 min by a homogenizer. ODA (27.00 gm) or DDOAB (32.00 gm) dissolved in 300 mL of water, was added drop-wise into the hot Na-MMT suspension also under vigorous stirring. The suspension was then stirred for 1 h and the white suspension was filtered, washed with deionized hot water until it was Br À free (no precipitate of AgBr further was formed with the 0.1 M AgNO 3 solution). The OMMT was then dried in an oven at 60 C for 24 h. The dried precipitate was ground in the mortar and sieved into particle sizes of 75 mm.
Preparation of PVC/PBAT nanocomposites
Nanocomposite components (PVC, PBAT, Ca/Zn stearate and clay) were weighed to the desired amount premixed and fed into the Brabender internal mixer for melt blending. The PVC/PBAT ratio was 50/50 (w/w). The stabilizer was 1% (by weight) while the amount of the clay was 0.5, 1, or 3 wt%. Melt blending was carried out at 160 C, with a rotor speed of 50 rpm for 10 min. The composites obtained were compression-molded into 1 mm thick sheets by hot pressing at 135 C for 10 min with a pressure of 110 kg/cm 2 and followed by cooling to room temperature.
Characterization
Tensile tests were performed according to ASTM D638 standard (type V) using Instron 4302 series IX. A load of 1.0 kN was applied at a constant crosshead speed of 5 mm/min at room temperature. The average of five measurements of tensile determinations was calculated. Dynamic mechanical analysis (DMA) was conducted with the Dynamic Mechanical Analyser 7e at a fixed frequency of 1 Hz in the temperature range of À100-100
C with a heating rate of 5 C/min. The thermal stability of the composites was determined using a Perkin Elmer TGA 7. The thermograms at a heating rate of 10 C/min under nitrogen atmosphere from 30 C to 800
C were recorded.
Results and discussion

Tensile properties
Variations in tensile strength, tensile modulus, and elongation at break of PVC/PBAT nanocomposites with increases in different types of OMMT loadings are illustrated in Figures 1, 2 , and 3, respectively. It is clearly seen that the highest tensile strength for both nanocomposites is achieved at 0.5 wt% organoclay loading and this value decreases gradually at higher organoclay loadings. The results indicate the reinforcement effect is reduced for nanocomposites with higher clay loading owing to the poor dispersion of clay and hence is unable to transfer stress efficiently. The organoclay layers were better dispersed at lower clay loading and provided a good reinforcing effect. It was also reported that the filler plays the role of an active compatibilizer for binary polymer mixtures. 12 A further increase in organoclay loading resulted in some of the clay's presence in tactoids and remained partially intercalated and stacked, which weakened the reinforcing effect. The agglomeration of the clay platelets which initiate sites would then lead to premature materials causing the lower strength of nanocomposites. 13 When comparing the OMMTs with unmodified clay as fillers for PVC/PBAT, it was observed that at similar filler loadings the reinforcing effects of the organoclay are more noticeable. In the case of organoclay, the tensile strength of primary alkyl ammonium group (ODA) is greater than that of the tertiary group (DDOA). In this case, ODA acts as a reinforcing agent, which is possible due to the greater filler-matrix interaction with high filler polarity. The ODA has N-H bonds which makes it more strongly polar than the DDOA group, allowing it to form hydrogen bonding to the matrix. This leads to higher tensile strength compared to the tertiary group when incorporated with the PVC/PBAT matrix. In Figure 2 , it was observed that both OMMTs cause deterioration of the tensile moduli of PVC/PBAT composites. In the case of comparing the organoclay with unmodified clay, the tensile modulus of PVC/PBAT/ OMMT nanocomposites is higher than that of the PBAT/PBAT/Na-MMT, thus making the nanocomposites stiffer than PVC/PBAT with Na-MMT as the filler. The low tensile modulus of PVC/PBAT/Na-MMT composites is due to the poor compatibility between the Na-MMT, and the PVC/PBAT matrix leads the formation of conventional composites at micro-scale. Large size clay agglomerates provide a lower modulus thus making the PVC/PBAT nanocomposites stiffer than the PVC/PBAT/ Na-MMT composite.
As shown in Figure 3 , only the elongation at break (Eb) of PVC/PBAT/ODA-MMT shows an enhancement at 0.5 wt%. It was enhanced by 19% higher than the pristine PVC/PBAT composite. However, the Eb values decreased with other samples. This means that the Eb depends strongly on the clay loading and its dispersion. The decrease in the Eb with the increase in the clay loading might be due to the increase in the amount of weak spots. 14 In the case of organoclay, a straight chain of ODA-MMT makes the composite more flexible compared to the composite with DDOA-MMT.
Dynamic mechanical analysis
Figures 4 and 5 show the storage and loss modulus curves of PVC/PBAT nanocomposites with different types of OMMT, respectively. Similar to the tensile modulus, addition of organoclay reduces the storage modulus (E 0 ) of PVC/PBAT composites (Figure 4 ). This indicates that the incorporation of clay into the PVC/PBAT composite matrix remarkably reduces its stiffness (in agreement with tensile modulus observation). This behavior has been ascribed to the unrestricted segmental motions at the organic-inorganic interface neighborhood of intercalated PVC/PBAT/ OMMT. 15 This indicates that the incorporation of clay into the PVC/PBAT composite matrix disturbs the PVC/PBAT crystallinity. The rubbery plateau of the storage modulus curve reflects the breaking and weakens the physically cross-linked network of matrix by clay and hence reduces its crystallinity and stiffness. 16 Moreover, the E 0 of the pristine composite decreases dramatically at high temperature compared to the E 0 of the PVC/PBAT nanocomposites. The T g of composites were obtained based on the loss modulus curves as shown in Figure 5 . The T g of composites shift exhibits a single T g at 35 C, indicating that the PVC and PBAT formed the miscible composites. Loss modulus is the ability of the composite to dissipate energy in the form of heat or molecular rearrangement. As can be seen, addition of clay as filler reduced the viscosity of the composite; thus there is a decrease in the loss modulus and hence a decrease in damping properties.
Thermogravimetric analysis
The effect of OMMT on the thermal stability of the PVC/PBAT composite is shown in Figure 6 . The degradation occurs in four stages. The first two stages correspond to the dehydrochlorination of the PVC, T d1 (260-290 C) and the thermal decomposition of the dehydrochlorinated PVC, T d3 (430-460 C), which consists mainly of conjugated double bonds. 17 The other two stages correspond to the degradation of PBAT, which consists of decomposition of the aliphatic copolyester (adipic acid and 1,4-butanediol) at T d2 (340-400 C) and the decomposition of aromatic copolyester (terephtalic acid) at T d4 (520-600 C). Thermogravimetric behavior could also be used as a proof of the interactions between the organic medium and inorganic nanoplatelet's surface. 18 The temperature of the main degradation is shifted towards a higher value when organophilic MMT is used, compared to the pristine composite and polar clay (Na-MMT). Thus, it could be said that organophilic treatment improves the thermal stability of PVC/PBAT nanocomposites, due to better interactions between PVC/PBAT matrices and clay.
The first degradation temperature (T d1 ) for PVC/ PBAT nanocomposites is lower than pristine PVC/ PBAT and shows that the presence of OMMT decreases the dehydrochlorination temperature. The organomodification agent used, octadecylamine, accelerates PVC degradation and catalyzes the PVC dehydrochlorination. 19 The organic ammonium cations act as Lewis acid and accelerate chlorine ion separation from the PVC matrix, and then absorb it to form the hydrochloric salt of organic amine. The salt easily releases hydrochloric gas at a high temperature and induces the PVC to self-catalyze degradation. 19 OMMT possessed higher thermal stability and its layer structure exhibited a great barrier effect to hinder the evaporation of the small molecules, generated in thermal decomposition of the PVC/PBAT matrices. The results show that the degradation temperatures of the nanocomposite (T d2 , T d3 , and T d4 ) increase with the addition of ODA-MMT into the PVC/PBAT composite. However, with DDOA-MMT, the thermal stability of the nanocomposite decreased. This may be due to the weak interaction between DDOA-MMT and the organic medium (PVC matrix and plasticizer).
As illustrated in Figure 7 , the highest improvement is observed for the nanocomposite filled with 3 wt% of ODA-MMT and a decrement of the degradation temperature is observed for higher clay loading. This behavior is in agreement with published results obtained on polyester/MMT nanocomposites. 20 
Conclusions
PVC/PBAT nanocomposites have been also successfully prepared by melt intercalation. The tensile strength of the nanocomposites was enhanced compared with the pristine PVC/PBAT composite at 0.5 and 1 wt% of OMMT loadings. The glass transition temperature obtained from DMA curves exhibit a single T g lying between T g s of PVC and PBAT, thus indicating the formation of a miscible composite. The crystallinity and stiffness of the PVC/PBAT composite decreased with the addition of organoclay. Moreover, the glass transition temperature of the PVC/PBAT nanocomposites was similar to that of the pristine PVC/PBAT composite. The thermal stability of PVC/ PBAT increases in the presence of silicate layers. 
